Abstract. An atom probe field ion microscopy survey of several bulk metallic glasses including the zirconium-based glasses Z r 1 i 3 4 6 2 s s , 7 5 7 , 5 1 0 2 7 . 5 4 .~.~.~~~. Z~,~N~, A~~O C U~,~N~I Z ,~ and Zr ,,,, T~, A~, , C U~~, , N~,~,~, together with two non-zirconium-based glasses Ti3,Zr,,Cu4,NiS, and Mg,,Cu,,Y,,, is presented. Non random distribution of solute was observed in all these glasses and crystalline regions were observed in the Ti3,Zrl,Cu47Nis and Z~,,A~,&J~,CU,~ materials.
INTRODUCTION
Many different types of amorphous alloys have been produced since their introduction in the 1960's. Initially, high cooling rates of more than lo4 Ks' were required to produce amorphous samples and the thickness of the samples was limited to less than -150 pm. Recently, several families of multicomponent alloys such as La-A1-Ni [I] , Zr-Al-Ni-Cu [2] , and Zr-Ti-Cu-Ni-Be [3] have been developed that exhibit an extremely high glassforming ability compared to conventional metallic glasses. In these bulk metallic glasses (BMG), the nucleation of crystalline compounds is suppressed and an amorphous material $s formed if relatively slow cooling rates of between 1 and -100 KS-' are used. In some of these materials, bulk samples up to several centimeters in extent have been produced. The characterization of these new types of bulk metallic glasses have recently received much attention due to their properties. However, little is known about the local compositional inhomogeneities --in these materials.
Several field ion microscopy and atom probe studies have been performed on the Fe-and Ni-and Pdbased metallic glasses. These studies have been reviewed previously [4] . In this paper, an atom probe field ion microscopy survey of several of these new generation bulk metallic glasses is presented.
EXPERIMENTAL
The bulk metallic glasses examined in this study included the zirconium-based glasses Zr,5A110Ni5Cu,o, Zr46,25Ti8.75cu7.5Ni10Be2?.5~ Zr4~.2Ti13.8Cu12.5Ni10Be'22..5~ Zr57Nb5A110Cu, 5.4Ni12.6 and Zr5~5Ti5A110Cu17.9Ni14.6 i5] together with two non-z~rconium-based glasses Ti,4ZrllCu47Ni8 [6] , and Mg6,Cu2,Y,,. All these bulk metallic glasses were examined in the as-prepared state.
Suitable blanks were cut from the interior of the bulk material to minimize the possibility of surface effects. Field ion specimens of the zirconium-based glasses were electropolished with the standard two stage procedure [4, 7] with a mixture of 25% perchloric acid in glacial acetic acid in stage 1 and 2% perchloric acid in 2-butoxyethanol in stage 2. The copper-based Ti,4Zrl,Cu,Ni8 material was electropolished in a mixture of 2% perchloric acid in 2-butoxyethanol. The magnesium-based Mg,,Cu,,Y,, alloy was electropolished in a mixture of 20% nitric acid in methanol at --50°C.
Neon was used as the imaging gas for all the materials apart from the Mg6,Cu,,Ylo alloy for which argon was used due to its lower evaporation field. Atom probe analyses were performed In the ORNL energycompensated atom probe with a specimen temperature of either 35K for the Mg6,Cu,,Y,, alloy or 60-70K for Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1996535 the other alloys. A pulse fraction of 20% and a pulse repetition rate of > 770 Hz were used for most of the anal ses. In these analyses, the 30 u peak was assigned to the more abundant 9 0~r 3 ' isotope rather than the 2.
"Ni isotope. This will have a small effect of the zirconium and nickel results in the statistical analyses of the atom probe data since the natural abundance of the 90Zr3+ isotope ranged from 7 to 21 times that of the 6 0~i 2 + isotope in the zirconium and nickel containing alloys.
RESULTS
Initial field ion microscopy of the materials revealed that sharp (1 to 5 kV) field ion specimens were prone to failure both during DC field evaporation and also on the application of the field evaporation pulse. In contrast, extensive periods of field evaporation were possible with high voltage specimens (>I5 kV). Therefore, the low temperature resistivities of these materials were measured to determine if the amplitudes of the applied voltages were being significantly attenuated. The resistivities of these materials are relatively high compared to most pure metals and are similar to some high resistance alloys. Unlike most metals, these bulk metallic glasses exhibit a small increase in resistivity on cooling to cryogenic temperatures. For example, in the Zr55A1,0Ni,Cu,omaterial, the resistivity increases from 199 pQ cm at 270 K to 206 pQ cm at 50 K.
A series of field ion micrographs of all the as-prepared materials IS shown in Fig. 1 . Most regions of the materials exhibited a random distribution of spots that is characteristic of an amorphous alloy. However, it should be noted that the absence of a well defined ring structure in the field ion image is not proof of an amorphous material as the ring structure is not always well defined in alloys with high solute contents. In the Ti3,Zr,,Cu4,Ni8 and Zr,5A110Ni5Cu3,materials clear evidence of regions of different contrast was observed, as shown in Fig. 2 . The presence of these regions indicate that some phase separation or crystallization had occurred. In both cases, well defined ring structures were observed and indicated that the precipitates were crystalline. The size of the brightly-imaging precipitates in the Ti3,Zr,,Cu,,Ni8 were less than -4 nm in diameter. The precipitates in the Zr,A1,0Ni5Cu,, material were up to -20 nm in diameter. These estimates were based on their maximum extent in the field ion micrograph since the normal persistence size measurement cannot be performed in amorphous alloys. A series of random area analysis composition profiles through the materials are shown in Fig. 3 . Although several fine scale fluctuations are evident in these composition profiles, it is difficult to determine whether these fluctuations are due to compositional variations in the material or due to the sampling process. Therefore, the distribution of all the solutes in these materials was investigated by applying several statistical methods to the atom-by-atom data.
The atom-by-atom data chain was examined for ABA, ABBA, ABFBA, etc. sequences. The probability of detecting a chain containing n B atoms is given by [8] P(n ) = p "q or D(n ) = N P (n ), where p is the probability of collecting a B atom, q = 1 -p, and N is the number of atoms in the chain. The significance of the experimental value is given by (D,,, , , , , , , , , (n 2 -D, , , , , , , (n ) Johnson and Klotz (J&K) method was also applied to the data. The J&K ordering parameter, 6, was determined from the number of AB and BB pairs in the data chain [9] . The significance is given by (8 - 1) / o, The atom probe composition profile data were also examined for cosegregation and antisegregation of the alloying elements with the use of pairwise contingency tables [4] . The use of contingency tables provides a statistical method to examine the atom probe data for longer scale decompositions compared to the atom-byatom Markov chain methods. Evidence of antisegregation of Zr and Be and to a lower extent of Zr and Ti were found in both the Zr41~,Ti13,8Cu12,5Ni,,Be22,5 and Zr46,,5Ti8,7,Cu7,,Ni,,Be27,5 materials, antisegregation of Zr and Cu was found in the Zr,,A110Ni,Cu30, Zr,,Nb5A1,0Cu15,4Ni12,6, and Zr ,,,, Ti,AlloCu,7,,Ni14,6 materials, antisegregation of Cu and Ti was found in the Ti3,Zr,lCu47Ni, matenal, and anhsegregation of Mg and Cu and of Mg and Y was found in the Mg6,Cu2,Ylo matenal.
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CONCLUSIONS
This preliminary survey of seven of the new generation of bulk metallic glasses has demonstrated that suitable specimens of these materials may be fabricated and subsequentially characterized with the atom probe field ion microscope. Non-random distribution of solute was observed in all these glasses and fine-scale crystalline regions were observed in the Ti34ZrllCu47Ni, and Zr,,A11,Ni,Cu30 materials.
